IMPORTANCE Lymph node metastases are common in papillary thyroid cancer (PTC), yet the impact of nodal metastases on survival remains unclear. Lymph node density (LND) is the ratio between the number of positive lymph nodes excised and the total number of excised lymph nodes. Lymph node density has been suggested as a prognostic factor in many types of cancer.
T he incidence of papillary thyroid cancer (PTC) has increased steadily since the 1970s 1 ; however, the 10-year overall survival (OS) rate remains greater than 90%. Approximately half of patients have cervical lymph node metastases at presentation, 2, 3 with more than 90% of patients having occult micrometastases in the lymph nodes. 4 Still, the prognostic significance of nodal metastases, as well as that of concurrent predictors such as size and number of involved nodes and extracapsular spread (ECS), remains unclear, particularly as prophylactic central compartment dissection has become more prevalent.
In the American Joint Committee on Cancer (AJCC) TNM staging system, the presence of lymph node metastases results in upstaging, but the prognostic role of lymph node metastases is controversial. [5] [6] [7] Lymph node density (LND) is the ratio of the number of positive lymph nodes excised to the total number of excised lymph nodes. It is used to minimize the risk of pathological understaging caused by limited lymph node dissection or inadequate specimen processing. 8 Lymph node density has been shown to play a predictive role after surgery for pancreatic, gastric, colon, oral cavity, and thyroid cancers. [9] [10] [11] [12] [13] [14] This ratio controls for bias in both the sampling method (the extent of surgical lymph node clearance, ie, the total number of nodes removed during surgery) and the specimen processing (meticulousness of the histopathologic processing of the neck dissection specimen).
In this study, we evaluated the role of LND as a prognostic predictor for disease-specific survival (DSS) in patients with PTC according to the location of the involved lymph nodes (ie, lateral and central neck nodes). We also assessed the validity of incorporating LND into the AJCC staging system.
Methods

Patients and Methods
This retrospective study was approved by the institutional review board at MD Anderson Cancer Center, and informed consent was waived due to the retrospective nature of the study. The study cohort included anonymized data for 2542 patients with a median follow-up of 55 months (range, 4-192 months) . No patients had prior treatment, and all had received their primary surgical treatment for PTC at MD Anderson between January 1, 2000, and December 31, 2015. Demographic, clinical, and pathological data were retrospectively collected for all patients by using a uniform database template. Inclusion criteria consisted of a confirmed histopathological diagnosis of PTC, an available neck dissection specimen, and greater than 6 months of follow-up data unless death or disease recurrence occurred before 6 months of follow-up.
15 Table 1 presents the demographic and clinical characteristics of the cohort.
Histopathological Analysis
All tissues were evaluated by a certified head and neck pathologist according to the guidelines for the examination and reporting of head and neck cancer specimens. 16 A total of 33 796 lymph nodes were evaluated, 9439 (28%) of which were positive.
Statistical Analysis
A log-rank test was used to compare OS, DSS, disease-free survival, locoregional control, and distant metastasis rates Factors with prognostic potential as indicated by univariate analyses were included in a multivariate analysis by using the Cox proportional hazards regression model. 19 Continuous variables were compared by using the t test and categorical variables with the χ 2 test. All tests were 2 sided with P < .05 as the limit of statistical significance. All data were analyzed with use of the JMP 12.1 software package (SAS Institute Inc). To determine the threshold for LND, we used time-dependent receiver operating characteristic curves to calculate sensitivity, specificity, and likelihood ratios and to define various risk groups of patients with PTC according to LND. [20] [21] [22] [23] We calculated the LND cutoff by using timedependent receiver operating characteristic curve analysis for disease-specific death. The value of 0.19 was selected with an area under the curve (c index) of 0.84 (95% CI, 0.59-0.94), and specificity and sensitivity for 10-year DSS of 71.6% and 79.1%, respectively. Finally, we compared the current eighth edition TNM staging system with a novel LND-based staging system (eTable in the Supplement).
Results
In this study of 2542 patients with PTC treated at MD Anderson, therapeutic neck dissection was performed in 811 (32%) who had clinical evidence of neck nodal metastasis. Elective neck dissection was performed in 635 (37%) of 1731 patients without clinical evidence of nodal metastasis. All elective neck dissection included the central neck alone. Pathological assessment of neck dissection specimens revealed that 750 of 811 specimens (92%) from those who underwent therapeutic neck dissection were positive for PTC in the lymph nodes. Of the 635 patients who underwent elective neck dissection, specimens from 305 (48%) were positive for PTC in the lymph nodes.
Of the 1055 patients who had pN1 disease, 429 (41%) had pN1a disease, and 626 (59%) had pN1b disease.
The 5-year DSS and OS rates for all study patients were 98% (2488 of 2542) and 94% (2384 of 2542), respectively. The 5-year DSS was 100% for patients with pN0 disease and 98% for patients with pN1 disease (effect size, 2%; 95% CI, 0.6%-12%) (eFigure in the Supplement). The 5-year OS was 95% for patients with pN0 and 92% for those with pN1 disease (effect size, 3%; 95% CI, 1.3%-13%) (eFigure in the Supplement). Extracapsular spread had a significant effect on DSS (effect size, 6%; 95% CI, 1%-12%; n = 417) and on OS (effect size, 4%; 95% CI, 1%-15%; n = 417) on univariate analysis.
Next, we analyzed the patients with pN1 disease, excluding 40 patients who had only a lateral neck dissection (n = 1015). The median number of lymph nodes in each neck dissection specimen was 23 (range, 4-163 nodes), and the median number of positive nodes was 6 (range, 1-57 nodes). The 10-year DSS was 98% in patients with an LND of 0.19 or less, compared with 90% in patients with an LND greater than 0.19 (effect size, 8%; 95% CI, 4%-15%) ( Figure 1 ). The 10-year OS in patients with an LND of 0.19 or less was 87%, compared with 79% in patients with an LND greater than 0.19 (effect size, 8%; 95% CI, 3%-15%). Of note, a subgroup analysis of patients with central neck disease revealed that central neck LND was a predictor of 10-year DSS (effect size, 4%; 95% CI, 2%-11%) and 10-year OS (effect size, 6%; 95% CI, 2%-10%).
We then assessed the effect of clinicopathological variables on survival in a multivariate model without LND. The variables included in the model were sex, age, tumor morphology, tumor size, extrathyroid extension invasion to the strap muscles, pathological T classification, pN classification, ECS, M classification, overall TNM stage, total number of excised lymph nodes, and radioactive iodine treatment. Lymph node density (LND) with a cutoff point of 0.19 (P < .01) was used.
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Association of Lymph Node Density With Survival in Papillary Thyroid Cancer DSS. Pathological T stage (HR, 1.12; 95% CI, 1.01-7.21), the presence of distant metastasis (HR, 1.96; 95% CI, 1.25-7.41), and nodal ECS (HR, 1.19; 95% CI, 1.02-5.41) were significant predictors of OS. Next, we used the same multivariate model with LND and excluded the total number of lymph nodes excised to eliminate co-linearity between the LND and the total number of lymph nodes. The results showed that an LND greater than 0.19 was independently associated with an adverse DSS (HR, 4.11; 95% CI, 2.11-8.97) and OS (HR, 1.96; 95% CI, 1.24-4.11). Other significant predictors for DSS were tumor size, extrathyroid extension to the strap muscles, nodal classification, distant metastasis, and nodal ECS; variables that were significant for OS were sex, age, presence of distant metastasis, nodal ECS, and radioactive iodine treatment ( Table 2) .
To control for nodal yield, we first analyzed the distribution of the LND compared with the total number of lymph nodes. The mean (SD) numbers of lymph nodes removed from patients' central and lateral necks in our cohort were 10.1 (5.4) and 45.2 (24.1), respectively. Nodal yield of 18 lymph nodes was selected because its prognostic implication was previously described. 24 Previous studies showed that once 18 nodes are surgically removed and pathologically analyzed, the neck is likely to be correctly staged and occult microscopic disease adequately treated, with subsequent increases in nodal yield yielding negligible or no further advantage. 25 After including only patients with at least 18 lymph nodes resected (n = 741), we repeated the multivariate analysis, which revealed that LND greater than 0.19 remained a significant marker for DSS (HR, 2.94; 95% CI, 1.36-9.81) and OS (HR, 2.26; 95% CI, 1.12-5.34). Finally, we compared the current AJCC eighth edition TNM staging system with a novel LND-based TNM staging system (eTable in the Supplement). The multivariate model showed that the fit proportional hazard models for DSS were 36.31 (-log likelihood value, HR, 2.14; 95% CI, 1.52-5.56) and 31.01 (-log likelihood value, HR, 1.91; 95% CI, 1.36-8.72) for the LNDbased TNM staging system and the current AJCC eighth edition TNM staging system; and for OS, 16.32 (-log likelihood value, HR, 1.23; 95% CI, 1.06-9.34) and 15.55 (-log likelihood value, HR, 1.18; 95% CI, 1.03-6.22) for the LND-based TNM staging system and the current AJCC eighth edition TNM staging system. Figure 2 shows the DSS and OS Kaplan-Meier curves according to the disease stage groups of the current AJCC staging system and the LND incorporated into the staging system.
26
Discussion
Therapeutic neck dissection is performed in patients with PTC who have clinically involved nodes, and elective central compartment neck dissection should be considered in patients with cN0 PTC who have locally advanced primary tumors or clinically involved lateral neck nodes (cN1b), or if information can be obtained from this procedure that can be used to guide further treatment.
18
Most patients with papillary carcinomas present with lymph node metastases at the time of diagnosis.
27,28 Some authors have reported no significant association between PTC lymph node metastases and outcome in low-risk patients; however, a recent Surveillance, Epidemiology, and End Results (SEER) database study found that lymph node metastases predicted poor OS. 7 In addition, patients with PTC and cervical lymph node metastasis (particularly central lymph node metastasis) have been shown to have higher rates of locoregional recurrence.
29-32
In head and neck cancer, LND has been shown to be superior to conventional nodal staging for predicting outcome.
33-36 Lymph node density entails 3 factors that influence nodal staging: (1) surgical factors (the yield of the neck dissection), (2) tumor factors (the degree of nodal spread), and Previous studies investigated the utility of LND in thyroid cancer using small single-institute cohorts of specific patient groups (eg, only patients with N1a disease) 13 or SEER database mixed thyroid cancer histologic types. 14 These studies and others were designed to determine the association of LND with survival in patients with well-differentiated PTC but showed conflicting evidence about the value of LND in nodepositive patients. 37, 38 In the current long-term, singleinstitute, large nonnational database cohort, we investigated the predictive value of LND in patients with PTC. This study conducted the first large-scale analysis of LND as a prognostic factor for survival in patients with PTC. Subgroup analysis of patients with central neck disease showed that central neck LND was associated with OS and DSS. A recent study by Wang et al 39 showed that LND of the lateral neck is predictive of recurrence using a lymph node ratio of 0.17. These findings suggest that the LND of each neck compartment (central and lateral) might be used separately as a prognostic factor. Taken together, our data might suggest a modification to the AJCC staging classification that includes incorporation of LND into the current nodal classification as a complementary measure for patients with nodal metastases.
Limitations
We recognized that the interplay with other factors related to nodal status, such as the volume of the lymph node and the extent of ECS, needed elaboration. Given the retrospective nature of the pathology reports, we could not differentiate between lymph nodes with micrometastatic foci and grossly involved lymph nodes. We also realized that a limitation of this study was the potential inconsistency in surgical technique that may have introduced potential errors. In addition, our data were from a single comprehensive cancer center and might thus have been biased toward a surgical practice with relatively more advanced disease presentation and treatment. However, all of 
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Association of Lymph Node Density With Survival in Papillary Thyroid Cancer our patients had either selective or comprehensive neck dissection with a nodal yield that correlated with previously remean lymph node yield in a neck dissection accompanying total thyroidectomy, which ranged from 6 to 64 nodes. 40 The variation in the number of lymph nodes retrieved from our specimens (ie, the denominator of the LND) was therefore similar to that in other studies. A repeated analysis using an established number of lymph nodes resected resulted in results similar to those in the general population. 25 We also recognized that more accurate LND calculation using molecular methods to detect occult micrometastases may have affected the LND cutoff point. Due to the retrospective nature of the study, data regarding the indication for prophylactic neck dissection were not reliably available. Conversely, the significance of LND as a predictor of outcome in our heterogeneous cohort across multiple surgeons ensured the broad applicability of LND as a prognosticator into standard practice in diverse patient populations.
41
Conclusions
We have validated the importance of LND in a large singleinstitution study by demonstrating its reproducibility as a predictor of outcome in PTC, both as an independent factor and as a useful adjunct to the current eighth edition TNM staging system. Moreover, we have shown that LND may be used to identify patients at high risk of PTC disease-related death. 
